Kildal, P.; Zaman, AU.; Rajo Iglesias, E.; Alfonso Alós, E.; Valero-Nogueira, A. (2011 Abstract  This paper describes the design and experimental verification of the ridge gap waveguide, appearing in the gap between parallel metal plates. One of the plates has a texture in the form of a wave-guiding metal ridge surrounded by metal posts. The latter posts, referred to as a pin surface or bed of nails, is designed to give a stopband for the normal parallel-plate modes between 10 and 23 GHz. The hardware demonstrator includes two 90° bends and two capacitive coupled coaxial transitions enabling measurements with a VNA. The measured results verify the large bandwidth and low losses of the quasi-TEM mode propagating along the guiding ridge, and that 90° bends can be designed in the same way as for microstrip lines. The demonstrator is designed for use around 15 GHz. Still, the ridge gap waveguide is more advantageous for frequencies above 30 GHz, because it can be realized entirely from metal using milling or molding, and there are no requirements for conducting joints between the two plates that otherwise is a problem when realizing conventional hollow waveguides.
transmission lines, such as microstrip or coplanar lines (dielectrics needed), and conventional hollow waveguides (conducting metal joints needed). In addition, the gap waveguide can be designed to be completely enclosed, without the presence of cavity modes, which also makes it an attractive packaging technology. This packaging capability has already been demonstrated for microstrip circuits [4] . The purpose of the present paper is to describe the design and measurements of a ridge gap waveguide hardware demonstrator built for use around 15 GHz. The demonstrator is shown in Fig. 1 . The previous works presented only the conceptual ideas and initial numerical results [1] [2] [3] .
The periodic texture must create a parallel-plate cut-off band. This can be realized theoretically by providing one of the plates with high surface impedance, i.e., by making it an artificial magnetic conductor. Soft and hard surfaces [5] represent an anisotropic magnetic conductor. They can therefore also create a parallel-plate stopband, except in one direction. Actually, local confined gap waves were already experimentally verified to appear along dielectricfilled corrugated hard surfaces [6] . The soft and hard surfaces can also be realized by metal strips on a grounded substrate [7] . The original metal strip realization suffered from problems with undesirable substrate modes. This is readily solved by using wide metal strips with metalized via holes as proposed in [7] . This realization will also have lower profile than corrugations, and was inspired by the high-impedance mushroom surface [9] . The latter is an isotropic high impedance surface and will therefore also create the parallel-plate stopband. All these ways of realizing parallel-plate stopbands are compared in [10] .
We have in the present work chosen a so-called bed of nails [11] , referred to as a pin surface, for creating the parallel-plate stopband. The metal posts or pins can easily be casted or milled, like the ridges also can be. Such manufacturing will also allow the height of the texture to vary, thereby creating more opportunities and degrees of freedom in a design process than substrate-bound alternatives. This may open up for new solutions for antennas and waveguide components. Of special interest is the integration of active components like amplifiers and MMICs even in the form if unpackaged semiconductor chips, which should be easy, because cooling, shielding and packaging are more or less automatically provided by the gap waveguide itself.
The gap waveguides are a result of research on soft and hard surfaces, originating from [5] , generalized in [12] , and overviewed in [7] . The local gap waves were first observed at Technical University of Valencia and Technical University of Madrid when they studied how to design an oversized parallel plate waveguide feeding a slot array [13] - [14] . In [13] the parallel plate waveguide was formed between a smooth metal plate and another longitudinally corrugated hard surface plate. The hard surface suppressed higher order parallel plate modes, and local single quasi-TEM waves following single ridges appeared when the structure was excited from a point source [15] . Later at Chalmers this was developed into the general gap waveguide technology [1] . It should also be mentioned that local confined waves along hard surfaces were detected already in [16] , but these waves followed the grooves of corrugated surfaces, whereas the local confined waves of the gap waveguide follow the ridges.
The present paper will describe the design and characterization of the gap waveguide demonstrator for [12] [13] [14] [15] [16] [17] [18] GHz shown in Fig. 1 , realized by ridge and metal pins, and including transitions from coaxial connectors to enable measurements with a vector network analyzer (VNA). The designs have been done by using the general FDTD and FEM-based Solver CST Microwave Studio (CST) [17] . The measurements included calibration using a designed TRL (Thru, Reflection, Line) calibration kit in gap waveguide technology.
PRINCIPLE OF OPERATION BY COMPARISON WITH OTHER TRANSMISSION LINES AND WAVEGUIDES
The gap waveguide has similarities with several other transmission lines and waveguides. It can be seen as a linearly polarized hard waveguide. The ideal hard waveguide in Fig. 2a consists of two horizontal perfect electric conducting (PEC) walls, and two vertical perfect magnetic conducting walls (PMC), and can support a uniform TEM field. The ideal gap waveguide in Fig. 2b consists of two parallel plates, one being PEC and the other PMC, and in the PMC plate there is a guiding PEC strip. The PEC/PMC regions on both sides of the PEC strip are in cut-off when the gap height h /4 where  is the wavelength. Therefore, the field propagating along the central strip will experience these two parallel-plate cut-off regions as if they were PMC boundaries, thus the similarity with the hard waveguide. There is an exponentially decaying penetration of the fields into the two parallel-plate cut-off regions, similar to how the propagating field in a hard waveguide will penetrate into all types of realizations of hard walls.
The ideal linearly polarized hard waveguides can be miniaturized like the gap waveguide, meaning that the gap waveguide itself has no lower cut-off related to its width w and gap height h, as long as we are able to realize a parallel-plate cut-off. The hard waveguide can be realized both by loading two parallel walls with a dielectric substrate [17] , and with a periodic texture [19] , but both these realization have larger losses and much narrower bandwidth than the present gap waveguide. They also do not have any of the other advantages of the gap waveguide described in the introduction.
The parallel-plate cut-off is essential for the operation of the gap waveguide. This will ideally be present when the lower surface is a PMC and the gap height h /4. The PMC must be realized in some way, and such realizations are normally referred to as metamaterials. There have also been other attempts to make metamaterial-based waveguides, such as that reported in [21] - [22] . However, this and other related solutions make use of wave propagation inside the metamaterial, or at the surface of it, both of which causes losses and dispersion. Parallel-plate cut-off has also been reported in [20] as a way to reduce coupling in multilayer circuit boards, realized by an electromagnetic band gap (EBG) surface.
The gap waveguide has many similarities with the so-called inverted microstrip line [23] , and the rectangular ridge waveguide [24] , as already pointed out in [1] . Here we will stress the similarity with the stripline, as shown in Fig. 2c . The strip line consists of parallel metal plates separated by a substrate and with a metal strip halfway between the plates. The stripline has a PMC-type symmetry plane in the middle of the gap as illustrated, making it look like two opposing gap waveguides, one being an image of the other. This means that we can use the formulas for striplines in order to determine the characteristic impedance of the ideal gap waveguide, and the approximate performance of realized ones.
DESIGNING FOR DESIRED CHARACTERISTIC IMPEDANCE
The equivalence between the stripline and a "PMC-imaged" ideal gap waveguide is already explained above, and can be seen in Fig. 2c . Thereby, the characteristic impedance of the ideal gap waveguide is given by 2 Stripline ZZ  (1) where stripline Z can e.g. be found in [25] 
This formula gives a fast estimate of the characteristic impedance, but unfortunately it may not be very accurate in practice when the PMC realization is considered. Therefore, after having designed the pin surface, we calculated the final characteristic impedance of the ideal (see Fig. 2b ) and realized gap waveguides, and we adjusted the ridge width to achieve 50 . The ridge width could be adjusted without affecting the bandwidth of the parallel-plate cut-off. For these calculations, CST Microwave Studio was used in three ways: a) WP model: Waveguide ports (WP) are located at each end of the ridge, similar to how CST can excite microstrip lines. Then, CST computes the modal field and gives the line impedance for every mode at a chosen frequency.
Unfortunately, CST cannot handle ports in waveguides with a longitudinal periodicity, such as our gap waveguide with periodic pins. Therefore, we chose to locate the port in such a way that it did not cover the periodic pin region, but only the gap region above the ridge and pins, extending laterally to include 2 pin periods on both sides of the ridge. The inclusion of the periodic pin region in the port definition gave very strange results. We studied the effect of extending the port laterally more than 2 pin periods, but the changes were small. Still, not including the pin region itself is a a severe limitation so we can only expect correct result for the characteristic impedance of the ideal gap waveguide with the ridge surrounded by ideal PMCs. 

Some results are shown in Table 1 and Fig. 3 . They were evaluated for the final gap waveguide dimensions shown in Fig. 4d . For the ideal gap waveguide in Fig. 2b the computed characteristic impedance is very close to the theoretical 83  value obtained from (1), see Table 1 . This means that the V/I calculation model has been
implemented correctly, and therefore should be correct also for the real gap waveguide. The WP model is not 6 believed to be correct for the real gap waveguide case as already discussed. The characteristic impedances of the ideal and real gap waveguide cases differ quite much when evaluated by the more correct V/I model, by around 30%, which can be a realistic effect of the actual ridge and periodic pin geometries used. However, for the real waveguide case the characteristic impedance computed by the V/I model shows a periodicity when plotted as a function of frequency. This is probably caused by the periodicity of the pin surface itself. The P/I 2 model was also used and gave similar results, but is much more time consuming and will be studied in more detail later. The preliminary conclusions so far is that there is really a need for having access to ports in longitudinally-periodic guiding structures when analyzing gap waveguides. We should mention here that we initially believed we designed the ridge for 50 ,
but the present detailed analysis show that we did not succeed in that, which also show up in the results to follow.
Therefore, we finally ended up with designing a TRL calibration kit to de-embed the bent gap waveguide itself.
DESIGNING PIN SURFACE FOR DESIRED PARALLEL-PLATE STOPBAND IN DISPERSION DIAGRAM
The characteristics of the gap waveguide are most clearly seen from its dispersion diagram. The most important is to determine the lower and upper cut-off frequency of the stopband. These cut-off frequencies can then be studied as a function of the geometrical parameters of the periodic surface geometry, and the gap height, in order to find a good solution. Such a study has already been reported for some parallel-plate geometries in [4] , including the pin surface. Therefore, we have here chosen dimensions from results in [4] in order to cover 10-20 GHz, and we have computed the different dispersion diagrams for these dimensions. All the results have been obtained by the Eigenmode Solver of CST and are shown in Fig. 4a -c. There exist also approximate analytical formulas for the lower and upper cut-off frequencies of the stop band of the pin surface [26] , but these are only valid asymptotically for small period.
The computed dispersion diagrams in Figs. 4a (infinite periodic structure) and 4b (finite dimensions in transverse plane with PEC sidewalls) are computed without ridge and show a large stopband above 10 GHz where no waves can propagate. The left curve in Fig. 4a shows first the basic parallel-plate mode that starts at zero frequency as a TEM mode, and then it deviates from the light line and goes into cut-off slightly below 10 GHz. It appears again at 23 GHz, together with another mode. When we limit the transverse extent of the parallel-plate geometry by metal walls, as shown in Fig. 4b , several rectangular waveguide type modes appear below 10 GHz. They have a lower cutoff similar to normal rectangular waveguide modes, but go into a stopband slightly below 10 GHz, and they appear again at the end of this parallel-plate stopband at 21 GHz.
The diagram in Fig. 4c includes the ridge as well. We see that the main difference compared to the diagram without ridge is that there is a new mode following very closely the light line within the whole parallel-plate stopband. This is the desired quasi-TEM mode following the ridge. We also see that the rectangular waveguide modes below 10 GHz are modified a bit by the ridge. There is also a new second mode coming in at 19 GHz. This is a higher order gap waveguide mode, having a vertical E-field distribution with asymmetric sinusoidal dependence across the ridge, being zero in the middle of the ridge. In comparison the vertical E-field distribution of the desired quasi-TEM mode is nearly constant across the ridge.
We have also for completeness computed the cavity resonances within a gap waveguide cavity with pins and surrounding metal wall. Then, we could also clearly see that the cavity resonances did not appear within the parallelplate stopband 10-23 GHz.
LATERAL DECAY OF MODAL FIELD
It is of interest to know how fast the modal field decays laterally away from the ridge. This is computed in [26] using a plane wave spectral domain approach, and formulated analytically in [27] . The formulations are in both papers based on using the homogeneous surface impedance model for the pin surface developed in [11] . The two papers show lateral E-field decays in the order of 50 -100 dB/depending on dimensions and frequency. Our results computed by CST in the middle of the gap are shown in Fig. 5 . The field varies periodically due to the periodicity of the pins (which are also shown along the abscissa). We see that above 15 GHz the maximum levels of the vertical E-field are down by 60 dB at a point located 20 mm (1 at 15 GHz) away from the edge of the ridge.
Thus, the field decays strongly into the pin region also for our practical realization with finite pin period. The horizontal E-field component is also shown, and we see that this has a maximum in between the pins, due to the dominant TEM mode there [27] .
DESIGN OF DEMONSTRATOR WITH TWO 90° BENDS AND COAXIAL TRANSITIONS
We wanted to design a demonstrator which was a bit more complicated than a simple straight transmission line, in order to be sure that the guiding properties of the gap waveguide could not be questioned. Therefore, we chose a line with two 90° bends. The bends were designed simply by a sharp inner 90° corner, whereas the outer ridge edge was metered, i.e. cut 45° in such a way that the cut triangle has two sides of the same length as the width of the ridge, which is the common approach when designing microstrip bends.
We then designed two coaxial transitions to enable measurements with a normal VNA with coaxial ports. The simplest mechanical solution was to use coaxial connectors intended for being mounted on ground planes, to mount them to the top metal plate, and to let the inner conductor penetrate through the lid, via the gap and into a hole in the ridge, and thereby couple capacitively to the quasi-TEM gap waveguide mode. Thereby, we avoided any conductive computations were performed with a radiating boundary condition (termination) at the opposite end of the ridge.
COMPUTED AND MEASURED RESULTS OF DEMONSTRATOR
The whole gap waveguide demonstrator was computed between the two coaxial ports in order to simulate the Sparameter measurements. We also plotted the vertical E-field distribution at the surface of the upper smooth plate at some selected frequencies, shown in Fig. 7 . The results clearly show the effect of the parallel-plate stopband. Below the 10 GHz lower cut-off frequency, the field spreads out over the whole width of the gap. Between 10 and 22 GHz the field is seen to follow the ridge via the two 90° bends. The confinement is particularly good between 13 and 18
GHz. At 19 GHz and above there is a strong standing wave along the ridge, due to a large mismatch. This is caused by the appearance of the second (asymmetric) gap mode at about 19 GHz, but also by the frequency limitations of the coaxial transition used. The computed S 11 of the coaxial transitions were shown in Fig. 6 . Also, the SMA coaxial connectors used are not specified for use above 18 GHz.
The computed and measured S-parameters are shown in Fig. 8 represents the total efficiency due to absorption in the two coaxial transitions and the ridge gap waveguide. We are not able to determine how much is due to the gap waveguide itself from these measurements. Therefore, we developed a gap waveguide TRL calibration kit.
TRL CALIBRATION KIT
In order to measure the S-parameters of the gap waveguide circuit itself, not including the coaxial transitions, we designed a TRL calibration kit in gap waveguide technology. This is described briefly below. The TRL calibration kit is shown in Fig. 10 . It consists of one "short" realized by a shorting post that is assured to have good conductive contact to the lid by means of an extra screw into the post, one "thru" having the double length of the shorted line, and a "line" that is 6.5 mm longer than the thru. This value was chosen because it is exactly one pin period, corresponding to being  longer at 11.54 GHz. The calibration kit should therefore work best around 11.5 GHz and degrade towards 23 GHz when the length difference is . All coaxial transitions were made equal to the ones of the gap waveguide demonstrator. At first the calibrations were done up to the VNA ports using the SOLRalgorithm. Then measurements were done for the different standards such as Thru, Reflect and Line. After that, these measurement results were processed by commercially available software (based on TRL calibration concept), using the length difference of 6.5 mm between the thru and the line, and assuming that the gap waveguide had phase velocity equal to the free space velocity. Thus, no correction for the actual dispersion curve was used, Finally, the calibrated S-parameters were obtained. The calibration kit in Fig. 10 also include a long line, being 10 pin periods longer than the thru, i.e. 65 mm longer.The resulting calibrated S-parameters of both the demonstrator in Fig 1 and the long line of the calibration kit are shown in Fig. 10 . We see that now the S 11 of the straight line is 20 dB down over most of the frequency band, so that the calibrations have worked down to a level of -20 dB. The demonstrator with the two 90° bends have larger S 11 , but it is still below -13 dB over most of the band. This is quite a reasonable value compared to microstrip bends. We have also calculated the mismatch corrected transmission factor in (1) for both the calibrated and uncalibrated gap waveguide circuits. The results are shown in Fig. 11 .
We see that the mismatch corrected transmission factor (efficiency) is improved from -0.2 dB with coaxial transmissions to almost 0 dB without the coaxial transmissions. Actually, the curves show even a gain up to 0.1 dB, meaning that our measurement accuracy is not better than that. Also, we see no significant difference between the straight and bent gap waveguides, meaning that the additional losses due to the two extra 90° bends are negligible.
Therefore, the main conclusion of this is that the loss in the gap waveguide is so small that we need further and more accurate studies in order to determine it.
CONCLUSION
We have demonstrated that the newly introduced ridge gap waveguide works as a quasi-TEM transmission line by designing and measuring a demonstrator with a textured metal plate consisting of a ridge with two 90° bends, surrounded by metal pins that create the required parallel-plate stopband. The demonstrator works between 13 and 17 GHz with 0.3 dB insertion loss including two coaxial transitions and two 90° bends. We also designed a TRL calibration kit in gap waveguides, and showed that the 0.2 dB loss could be attributed to the two coaxial transitions.
The remaining loss in the two 90° bends and intermediate gap waveguide is negligible. This was also confirmed by measuring a piece of straight gap waveguide of 65 mm length. The losses are so small that later more accurate studies are needed to determine them.
The frequency band limitation is mainly due to the mismatch of the coaxial transitions, but also because a second ridge gap mode appears at around 19 GHz, and because the coaxial connectors are not usable above 18 GHz. The useful bandwidth can easily be improved by a reduction of the ridge width, in which case the gap height must be reduced to keep the characteristic impedance the same, and by changing the transitions. The chosen pin dimensions have a theoretical parallel-plate stopband between 10 and 23 GHz, which is a definite of the available bandwidth. However, it could be possible to increase the bandwidth further by fine-tuning the periodic pin dimensions to a larger degree than this is already done in [10] , and definitely this is possible by using other forms of high impedance surfaces such as mushroom surfaces, as also studied in [10] .
The texture of the lower surface has dimensions of about 5 mm (pin length and thickness). This is easily manufactured, and it can even be easily manufactured when scaled to higher frequency. It should be possible to manufacture texture of dimensions 0.1 mm, which scales by a factor of 50 from the present demonstrator, meaning that we should be able to reach 20 GHz x 50 = 1 THz. Thereby, the mechanical simplicity makes the ridge gap waveguide an interesting transmission line for realizing components and circuits up to THz, including integration of active components like MMICs and packaging. In order to be able to design gap waveguide components and show their usefulness up to THz, there is a need for further studies, such as to determine accurately the low ohmic losses, develop more complete analytical models and explanations including better results for characteristic impedances, develop good port models for use in general electromagnetic solvers, develop Green's functions for efficient analysis by moment method, design critical components, demonstrate integration of MMICs, develop alternatives to connecting MMICs by bonding (better adopted for the gap waveguide geometries), and to develop numerical approaches for analyzing whole MMIC circuits in a way that is compatible with FDTD and moment method solvers.
Finally, it should be mentioned that we have been made aware of that similar pin structures inside normal rectangular waveguides have been used to realize microwave filters in the past, being referred to as waffle-iron filters [27] .
9) S-parameters of bent ridge gap waveguide demonstrator in Fig. 1and the straight gap waveguide measured on their coaxial ports. 10) S-parameter results for the bent gap waveguide demonstrator in Fig. 1 and straight gap waveguide, obtained by using the TRL calibration kit in gap waveguide shown above 11) Insertion loss for the 2 cases after taking away the mismatch effect FIGURES: Computed vertical E-field distribution at the surface of the upper smooth metal plate of the demonstrator in Fig. 1 at selected frequencies. The color scale covers distribution variations between high (black) and zero or low (white) values. 
